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ABSTRACT
The flow and heat transfer within rotating cavities is often discussed as a conjugate problem:
the temperature distribution within the cavity disks drives the large-scale flow structure within
the cavity, and the cavity aerodynamics influence the heat transfer to the disks. However, most
simulations of rotating cavities only consider the fluid domain in isolation. This is particularly
true for turbulence resolving approaches such as large eddy simulation (LES).

The large timescale disparity between the fluid time steps used in LES and the characteris-
tic solid time-scale complicates the use of LES with conjugate heat transfer (CHT). A further
issue is that an under-resolved solid mesh artificially amplifies higher frequency temperature
fluctuations from the fluid.

This paper addresses these challenges with a new method for LES-CHT where the low-
frequency temperature fluctuation caused by the large-scale flow structure is accounted for us-
ing a multi-scale frequency domain approach. We investigate two cases: axially heated disks
made of a low conductivity material, and disks made from a higher conductivity material with a
temperature set by radial conduction from the shroud.

The formation of small-scale flow structures on both the disk and shroud is dependent on the

heating configuration of the cavity - indicating that high-fidelity thermal boundary conditions
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should be used when simulating rotating cavities. The formation of heating induced vortical
flow structures near the disk is particularly interesting, as this is unexpected from the laminar

Ekman layer modelling argument usually used to consider this region.

1 Introduction

1.1 Rotating Cavity Background

As gas turbine cores reduce in size, the size of the high pressure compressor blade tip clearance rel-
ative to the height of the main gas path increases. Keeping this clearance small at cruise conditions
while avoiding the blade tip rubbing on the compressor casing at high-power conditions is important
for designing an efficient engine. As one of the main factors governing the tip-clearance is the thermal
expansion of the disks that bound the rotating cavities inside the compressor (Fig. 1), there is a need to

better understand and model the flow and heat transfer within them.
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Fig. 1. Cavity dimensions (to scale) and nomenclature.

The shroud of the rotating cavity is usually hotter than the axial throughflow at the bottom of the
disks. This sets up an unstable density gradient in which the centrifugal and Coriolis forces interact to
form a well known global flow structure that slips relative to the cavity. The large-scale flow structure
consists of pairs of cyclonic and anti-cyclonic circulations with regions of radial outflow and inflow
between them that transport cold fluid from the axial throughflow to the shroud and back again. The
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cyclonic circulation has a region of lower pressure at its centre, and the anti-cyclonic circulation has a

region of higher pressure.

Three dimensionless groups can be used to fully define a bulk description of rotating cavity flows:
the axial Reynolds number Re,, the rotational Reynolds number Rey, and the buoyancy parameter

BATax. These are given by
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where p is density, V, i, is the inlet axial velocity, u;j, is the cavity inlet dynamic viscosity, €2 is the cavity
angular velocity, and Tiy,x and T, are the maximum wall temperature and the static temperature of the

inlet axial throughflow respectively.

It is becoming widely accepted that LES is the most appropriate turbulence modelling fidelity for
the flow within rotating cavities. Hickling and He [1] showed that although unsteady Reynolds averaged
Navier-Stokes (URANS) can give sensible area-averaged results in some cases, this is due to a fortunate
cancellation of errors, and that the model does not predict the correct details of the flow structure and
is not suitable for use in rotating cavities. This paper also showed that it is not suitable to use wall
modelling approaches such as detached eddy simulation (DES) in these flows. This was because the
radial inflow transports URANS eddy viscosity generated near the shroud into the bulk cavity flow where
it is non-physical and causes an incorrect enhancement of the disk heat transfer. On the shroud, it was
found that the extra eddy viscosity suppressed heat-transfer enhancing streaks, and did not adequately
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model their effects.

Both the near-disk and the near-shroud flow is very sensitive to thermal effects: on the shroud,
buoyancy generated flow structures that enhance the local heat transfer have been observed by several
authors [1-4] On the disks, Gao et al. [5, 6] found that the inclusion of viscous heating can affect heat
transfer predictions due to the laminar nature of the disk Ekman layers. Similarly, Hickling and He [1]
showed that the average disk shear stress was different when comparing an adiabatic and an isothermal

disk with the same overall temperature difference.

The sensitivity of the flow structures within the rotating cavity to local heat transfer effects suggests
that it is necessary to model the flow within rotating cavities with conjugate heat transfer (CHT) to
properly capture the interaction of the cavity heating and aerodynamics. Most papers that investigate
this use a steady RANS fluid domain solution [7, 8] which - although more simple to properly couple to
a solid domain solution - is not able to accurately capture the fluid domain physics. To the best of the
author’s knowledge, the only paper that has considered unsteady CHT of a rotating cavity is by Tian et
al. [9], who used URANS and observed a significant reduction in the downstream disk Nusselt number

when comparing CHT to stand-alone fluid domain results.

1.2 LES-CHT Background

From the above discussion, our motive for carrying out LES-CHT computations on rotating cavities is
clear. However, this is not straightforward due to two important multi-scale challenges: the large time-
scale disparity between the solid and fluid domain time-scales; and the wall-normal mesh spacing that

is required to resolve the thermal penetration depth of high frequency wall temperature fluctuations.

The time-scale disparity usually manifests itself when calculating through the initial transient - in
general the characteristic time-scale for the solid domain is four orders of magnitude greater than any
characteristic time-scales in the fluid domain. This is particularly an issue for LES, where very small
time-steps are often required in the fluid domain to maintain Courant-Friedrichs-Lewy (CFL) numbers
below unity. A common approach for managing this issue is the approach taken in the unsteady CHT
computations by He and Oldfield [10] and He [11]: couple a moving average of the wall-adjacent
temperature in the fluid domain to a steady-state solid domain, bypassing the challenge of the solid
domain initial transient.
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If a 1D semi-infinite solid domain with thermal diffusivity o is subject to a sinusoidal wall temper-
ature fluctuation at frequency f, the magnitude of the temperature fluctuations within the solid domain
will decrease in proportion to exp(—x \/m), where x is the distance from the wall where the temper-
ature fluctuation is applied [12]. This leads to the concept of a thermal penetration depth, which we take
to be the value of x where the temperature fluctuation amplitude has reduced to 1% of its wall value.

The thermal penetration depth can be calculated as

5o — In(100) /7. )

Fadl and He [13] investigated the effect of under-resolving the thermal penetration depth in the solid
domain (i.e. having a wall-normal mesh spacing larger than dp). By assuming a linear variation of wall
temperature within the thermal penetration depth, they were able to show that for a given fluctuating wall
heat flux, the wall temperature fluctuations would be erroneously amplified, and that this amplification
would grow linearly with /f as dp reduced. Depending on the mesh spacing and material properties,
this artificial amplification could reach over an order of magnitude. This has been observed in LES of

natural convection by Fadl and He [13] and in combustors by Shahi et al. [14].

He and Oldfield [10] and He [11] used a wall transfer function approach to directly relate the tem-
perature fluctuations at the wall-adjacent fluid cell centre to the temperature fluctuation on the wall.
They derived the transfer function by considering the analytical solution for the unsteady wall heat-flux
response of a 1D semi-infinite solid domain subject to an imposed unsteady wall-temperature. The
harmonic heat-flux is evaluated using a single-sided finite difference in the fluid domain to give an ex-
pression for the complex Fourier harmonic of the wall temperature fluctuation iz in terms of the cell

centre temperature fluctuation harmonic Tjﬁ as

T/ =C,T/, (5)
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where the wall transfer function a\v is given at angular frequency ® by

_ h,
Co= . ©6)
hf + psavks\/%

Here, p;, cs, and kg are the solid domain density, specific heat capacity, and thermal conductivity, and
hy is the fluid side heat transfer coefficient, given by k¢ / Axy, where Axy is the normal distance from the
fluid cell centre to the coupled wall. LES studies have been previously conducted using this approach -
in [11] a significant reduction in the amplitude of the wall temperature fluctuation was found, and in [15]

it was found to increase the magnitude of the wall heat flux fluctuation.

This challenge in rotating cavities is that the slip of the large-scale flow structure causes a very low
frequency temperature fluctuation near the disks [1], which may have a penetration depth that is sim-
ilar to (or even greater than) the solid domain thickness. This means that it is desirable to develop an
approach that allows us to capture frequencies of unsteadiness in the solid domain when the thermal
penetration depth is of a similar magnitude to the solid domain thickness so that any non-local interac-
tions can be captured, but also allows us to use the wall transfer function approach for fluctuations that

we do not need to solve/are not able to resolve properly in the solid domain.

1.3 Overview of the Paper

In this paper, the key question that we would like to address is: does the flow structure within the cavity
depend on the exact details of the local heating? 1f there is a significant dependence (in terms of either
the large-scale aerodynamics or smaller scale local flow features) then it is a good indication that CHT

should be used when simulating these flows.

After validating our LES simulations on a fluid domain only baseline case, we present a new multi-
scale method for LES-CHT that extends previous work with the 1D semi-infinite wall transfer function
by He [11] to be able to calculate low frequency/high penetration depth thermal unsteadiness directly in
the solid domain by using a time-spectral solution method. We use this method to investigate two CHT
cases: the first has axially heated disks and an adiabatic external boundary conditions on the shroud,
and the second radially heated case has a fixed hot shroud temperature and adiabatic external boundary
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conditions on the disks. The flow fields from these cases are then compared with the above question in

mind.

2 Baseline LES Simulations

2.1 Case Information

To validate our fluid domain LES, we carried out computations on the experimental test rig of Bohn
et al. [16]. In this experiment, 5 mm thick epoxy disks were heated to provide a radially increasing
temperature distribution, and the disk heat fluxes and wall temperatures were measured.

A diagram of our fluid and solid domains is shown in Fig.1, and the values of the cavity dimensions
and other key parameters is given in Tab. 1. The cavity dimensions and fluid domain geometry are
chosen to match those of the experimental rig of Bohn et al. [16], and the solid domain geometry is
broadly representative of the rig (although not identical). Note we use a different definition of the axial
Reynolds number to [16], this is to be consistent with more recent publications on rotating cavities. Key
features to note are the upstream and downstream disks at z/s = —0.5 and z/s = 0.5 respectively, and
the axial mid-plane at z/s = 0. The values of the dimensionless parameters in Tab. 1 give a Grashof

number of
3
Gr=(1-7) Rey BATma =486 x 10'° (7)

and a theoretical laminar Ekman layer thickness of

b

Opk = JRes

= 1.40mm. (8)

2.2 Solution Method
The commercial CFD package ANSYS Fluent was used to carry out the fluid domain only LES simu-
lations of the rotating cavity. Face values of the solver variables were interpolated using a second order

upwind scheme, and velocity and pressure were coupled using the SIMPLEC algorithm. We did not
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Table 1. Rotating cavity dimensions and operating conditions.

Parameter Description Value
T Shaft radius 0.12m
a Cob radius 0.138m
b Shroud radius 0.4m
s Cavity axial width 0.08 m
Re, Axial Reynolds number 3x 103
Rey Rotational Reynolds number 8 x 10°
BAT ax Buoyancy parameter 0.27
Q Cavity angular velocity 56.67rad/s
Tin Throughflow temperature 298.15K
Tax Maximum wall temperature 378.15K

use an explicit sub-grid scale (SGS) model; instead, the dissipation inherent in the second order upwind
scheme was used to approximate unresolved scales of the flow. This approach has the benefit of avoiding
the contamination of laminar flow structures by SGS viscosity [17], and has been successfully used in
rotating cavities before - e.g. by Onori et al. [18]. The power spectral density of the velocity fluctuations
was inspected at the centre of the cavity. The presence of a -5/3 region was confirmed and we did not
observe a build of up energy at high frequencies, indicating sufficient numerical SGS dissipation in our

simulations.

For the fluid domain only simulations, the temperatures on the disks were set to radially vary in
the same way as the experimentally measured disk temperatures in Bohn et al. [16]. As no shroud
temperature was available, this was set to the average of the two experimental disk temperatures at
maximum radius. The inlet total pressure (with zero swirl) was adjusted to match the experimental
value of Re, (Tab. 1), and a static pressure condition was used on the outlet. The flow at the inlet
was considered to be laminar due to the low axial Reynolds number. The inlet and outlet are extended
compared to the experiment to allow the velocity profile to develop and prevent reverse flow at the
boundaries. The fluid density was determined from the temperature and pressure using the ideal gas
equation, and a temperature dependent dynamic viscosity and thermal conductivity were used. Radiation
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effects were not included.

2.3 Baseline LES Verification and Validation

We define a Nusselt number (based on the wall heat flux g,, and radial coordinate r) as

®)

This is more of a convenient normalised heat-flux rather that a true Nusselt number, as it does not
represent the ratio of heat transfer by convection and conduction. To ensure that our computational
approach for the fluid domain is valid and that our conclusions are mesh independent, we compare
the time- and circumferential-average Nusselt number to experimental data for three fully hexahedral
meshes: a coarse 2.4M cell mesh, a medium 5.1M cell mesh, and a fine 10.2M cell mesh. The 5.1M
cell and the 10.2M cell simulations were initialised from the solution on the coarser mesh and run for
30 revolutions to remove the initial transient, before being run for a further 30 revolutions to gather

time-independent statistics.

This comparison is shown in Fig. 2. In general, the disk heat transfer matches the experimental data
well, and is quite insensitive to the mesh resolution. At low radii (r/b < 0.6, where r is the radius)
on the upstream disk, the 2.4M cell mesh gives a consistently lower Nusselt number, whilst this is
almost identical between the 5.1M cell and 10.2M cell mesh. As it gives similar disk heat transfer to a
significantly finer mesh for a much smaller mesh count, we use the 5.1M cell mesh for all other fluid

domains in this paper.

The 5.1M cell mesh has a wall-normal spacing of 0.15mm = 0.18gx. This wall normal spacing
gives an average z' of 1.26 on the disks, and an average ' of 0.72 on the shroud. This gave average
cell aspect ratios (wall-normal spacing divided by the square root of the cell face area on the wall) of
22 on the disks and 17 on the shroud, inline with previous wall resolved LES investigations on rotating
cavities [1] and common LES resolution requirements [19]. 240 time-steps are used per revolution of
the cavity, giving an volume-average convective CFL number of 0.4.
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Fig. 2. Average disk Nusselt number. Experimental data from [16].

2.4 Near-Disk Thermal Unsteadiness

The normalised temperature, calculated by

T* — ﬂ, (10)
Tmax_Ti

is shown in Fig. 3 on the axial mid-plane (z/s = 0) for the 5.1M cell mesh. The three regions of radial
outflow caused by the large-scale counter-rotating circulation pairs (with cyclonic and anti-cyclonic cir-
culations denoted by —Ap and +Ap respectively) can be seen to have a significantly lower temperature
than the radial inflow. This flow structure rotates slightly slower than the cavity in the inertial frame
of reference; in the cavity’s frame of reference, this flow structure appears to rotate slowly against the

direction of cavity rotation.

The slip of the large-scale flow structure causes a large low frequency temperature oscillation
throughout the cavity. Of particular interest in this paper is the near-disk region, as this is critical
for heat transfer and fluid-solid thermal coupling. Figure 4 shows the frequency spectrum of the tem-
perature fluctuation a distance of 0.2 mm (well within the disk Ekman layer) from the downstream disk.
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Fig. 3. Instantaneous values of temperature on the axial mid-plane.

There is a clear peak in the spectrum at

—— =0.181. 11
0 (11

The frequency of the spectral peak implies that, for the three radial arm flow structure seen in Fig. 3,
the near-disk fluid is slipping at a rate of 0.181/3 = 6% of the cavities angular speed. These obser-

vations are qualitatively consistent with other computational investigations of this cavity at different

conditions [1].
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Fig. 4. Frequency spectrum of the near-disk temperature fluctuations.
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As mentioned previously, the very low frequency fluctuation is a practical issue for carrying out LES-
CHT in rotating cavities. If we consider a 5 mm thick titanium solid domain with a thermal diffusivity of
2.85 x 10~ m? /s, this temperature fluctuation would have a penetration depth of 3.4 mm - a significant
distance into the solid domain. Therefore, to be consistent, it is desirable to develop a method that
allows us to capture this frequency of unsteadiness without having the solution corrupted by errors in
the initial solid-domain temperature field or by under-resolving the thermal penetration depth of higher

frequencies.

3 Multi-Scale LES-CHT Solution Method

3.1 LES-CHT Challenges and Approach

Solving the fluid and solid domain together in a time consistent manner (i.e. with the same time-step) is
extremely difficult. There are two reasons for this: the first is that the characteristic time-scale the solid
domain is roughly 4 orders of magnitude larger than that of the fluid domain [10]. This is particularly an
issue for getting past the initial transient in the solid times. The second reason is that under-resolving the
thermal-penetration depth in the solid domain can risk over predicting the amplitude of the temperature
fluctuations on the interface by one or two orders of magnitude [13]. This means that even though a
certain frequency of fluctuation may not be dynamically relevant to the physics, if its penetration depth
is under-resolved it could corrupt the entire flow field.

In many turbomachinery problems, the frequencies of the near-wall thermal unsteadiness are small
enough so that they do not penetrate a significant distance in to the solid domain and can be reasonably
modelled using the transfer function approach as in He [11] (Eq. 5 in this paper). However, the situation
in rotating cavities is complicated by the existence of a very low frequency temperature fluctuation
caused by the passing of the cold radial outflow and warm radial inflow.

The low frequency unsteadiness could be at a frequency where the penetration depth is larger than
the solid domain thickness so that the temperature fluctuation on the fluid-solid interface interacts with
the boundary condition on the other side of the disk. If this is the case, the unsteadiness needs to be
solved in the solid domain to allow for the appropriate non-local interactions.

From the above discussion we can see three requirements for a multi-scale LES-CHT method that
can be used to simulation rotating cavities:
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1. The initial transient should be accelerated so that a quasi-steady state is reached without having to
do an impractically long simulation.

2. Frequencies with a resolvable penetration depth should be solved in the solid domain. Present
methods for LES-CHT do not allow for this, so we extend the approach of He [11] to enable the
solution of low frequencies with a time-spectral solid domain.

3. Frequencies with a penetration depth that is too small to be resolved by the solid domain mesh

should be solved using the wall transfer function approach as in [10, 11].

To meet these requirements, we solve for the time-mean (i.e. average) wall temperature by coupling
to a steady solid solution, and solve for the unsteady wall temperature by either coupling to a time-
spectral solid solved in the frequency domain (instead of the time domain) or using the wall transfer
function approach [11]. Solving for the wall temperature fluctuations in the frequency domain makes
it simple to separate scales between frequencies that need to be resolved because they penetrate a sig-
nificant distance in to the solid domain and frequencies that can be solved for using the wall transfer

function. The derivation and implementation of this method is outlined below.

3.2 Time-Spectral Solid Domain Solution

Starting with with the general equation for unsteady heat conduction,

J
5, (PeT) =V - (kVT), (12)

we decompose the unsteady temperature and fluid properties in the solid domain into their time-average

and fluctuating components so that, for a generic variable ,

V=Y. (13)

This decomposition can be substituted in to Eq. 12 to obtain two separate equations for the steady
temperature and the temperature fluctuations.
Assuming that the solid thermal properties are only dependent on the mean temperature (i.e. p}, c,, k., =

sy s T

Hickling 13 TURBO-22-1279



0), the equation for the steady solid domain temperature becomes

%—:Jrv- (lé;vf) —0, (14)

this can be solved by pseudo-time-marching in T at a large but stable time-step to eliminate the long

initial transient provided that suitable time-average boundary conditions are available [11].

The equation for the temperature fluctuation, 7", in the solid domain is

% (per’) = v (kv1'). (15)

T’ can be expressed using an N harmonic Fourier expansion with a base frequency of ®g as

N
T'(t) = ZAn cos(nwot) + By, sin(nmot ). (16)

n=1

Combining these two equations, and evaluating the resulting equation at two phase angles (n®wgt = 0

and nwot = 1/2) gives the governing equations for a time-spectral solid domain at frequency nwy:

0A ~ oy

5 © =V .kVA, — nwypcB,

N BT . (17)
at” =V -kVB, +nwopcA,

Similarly to the steady solid domain equation (Eq. 14), these equations can be solved by pseudo-
time-marching in the time-spectral domain. Again, these equations remove the need to simulate the
solid domain initial transient provided that suitable harmonic boundary conditions are available. As A,
and B, do not appear in the equation for the time-average solid domain or in the equations for other
frequencies in the time-spectral solid domain, an arbitrary number of harmonics can be used depending
on what is needed to capture the spectral content of the fluid domain.
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Solving an unsteady solid-domain in this manner was proposed by He and Oldfield [10], and has
been used to do unsteady CHT by Mehdizadeh et al. [20] with a non-linear harmonic (NLH) solver that
solved the fluid in the frequency domain. NLH approaches are unsuitable for use in LES, so a method

of interfacing a time-spectral solid and time-marching fluid is needed.

3.3 Fluid-Solid Interface Treatment

The two conditions that need to be satisfied on the fluid-solid interface are the conservation of heat-flux
(gf+qs =0), and the continuity of temperature. Using a local 1D expression for between the fluid and
solid cell centres on either side of the interface (at temperatures 77 and T respectively) and the wall (at

T1,,), this gives
hf (Tf_Tw) :hs (TW_TS)v (18)

where hy = k¢ /Ax 1> hs = kg /Ax;, and Ax is the distance from the cell centre to the wall.

Time-average solid domain: Substituting the decomposition in Eq. 13 into Eq. 18 and averaging

gives the interface condition for time-average temperature on the fluid-solid interface as

/7:/ @"‘iﬁ_h/ Tv(,
a hy -+ hy

(19)

w

This boundary condition is used for the time-average solid domain and to reconstruct the unsteady wall
temperature that is supplied to the fluid domain. It is worth noting that the effect of the fluid domain
thermal conductivity temperature dependence on the time-average heat flux is included in this boundary
condition, although in most cases it is not expected to have a significant influence. The averages of the

fluid-side terms in Eq. 19 are obtained at time step M + 1 through a simple recursive moving average:

- 1 M
- E— . 2
\JYas| M+1\IIM+1+M+1\IIM (20)
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Time-spectral solid domain: Using the substitution of Eq. 13 into Eq. 18, and neglecting the effect
of thermal conductivity fluctuations on the temperature fluctuations, we can also derive an expression

for the temperature fluctuation on the interface as

2
hf+hs

ol !
Tv:):th —i—hsTs‘

1)

To use this as a boundary condition for the time-spectral solid domain, we substitute in the Fourier
decomposition for the temperature fluctuation 77 (Eq. 16) to get a harmonic balance boundary condition

for the the time-spectral domain:

_ hAs+hA,
" hpthy
_ hyBp+ By
T

(22)

The fluid-side Fourier coefficients are calculated through a recursive discrete Fourier transform

(DFT) in a similar manner to the moving average:

) M
Aralen = gy 20800 [Ty + 37y Aral

2

» (3
Bralyi1 = 3707 Sn0moo) [T] 57 [Braly

To use the transfer function approach when the solid domain mesh is not sufficient to resolve the
thermal penetration depth of the frequency nwg, the complex Fourier harmonics of the temperature
fluctuation can be expressed as T n = A, —iB,. This can then be used with Eq. 5 to calculate the wall

temperature fluctuation with the wall transfer function approach.

The choice of wy and n is problem dependent: in general one would choose ® to be the lowest
periodic frequency present in the temperature signal, and choose n according to the number of spectral
peaks to ensure a good reconstruction of the relevant scales of the temperature fluctuations. For example,
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in Fig. 4, we choose @y = 2nfp and n = 1.

Unsteady fluid domain: The unsteady time-domain temperature supplied to the fluid domain can

simply be reconstructed from Eqgs. 19 and 22 as

N
T =Tyw+ Y Awncos(nmot) + By, sin(noor). (24)

n=1

3.4 Implementation in Commercial CFD Software

The new LES-CHT method is implemented as a monolithic method in ANSY'S Fluent using the user de-
fined function (UDF) programming interface and Scheme solver macros. This flow solver is a common
part of the tooling in both academic and industrial internal air systems communities. Having the fluid
and solid domains in the same solver process leads to simpler interface conditions, better data locality,

and no need to write additional inter-solver communication code [11].

Being a component of a closed-source commercial software package, UDFs only allow high-level
access to the workings of the solver and do not allow changes to its architecture. This indicates the ease
of implementation of the proposed methods. An additional benefit of implementing the methodology in
an established flow solver is the potential for straight forwards integration of other models (such as wall

modelling, radiation, or combustion) in future investigations.

The general solution process is as follows:

1. Time march the fluid with time-step A¢; and the solid with time-step Az; > Aty to get past the initial
transient.

2. Initialise the moving averages and DFT.

3. March the steady and the time-spectral solid domains in pseudo-time and the fluid domain in physi-
cal time. At the end of each time-step, update the moving average (Eq. 20) and DFT (Eq. 23).

4. At the start of the next time-step use Eqgs. 19, 22, and 24 to calculate the boundary conditions for the
time-average solid domain, time-spectral solid domain, and time-marching fluid domain.
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4 LES-CHT Simulations

4.1 Case Information

To investigate the sensitivity of the cavity aerodynamics to its heating configuration, we couple the fluid
to a Smm thick solid domain (the same thickness as the plastic disks in Bohn et al. [16]) using the
LES-CHT method outlined in the previous section. The location of the fluid-solid interfaces on the
disks, cobs, and shroud can be seen if Fig. 1. The thickness of the solid domain is resolved by 10
mesh cells. We consider two different combinations of solid domain external boundary conditions and
materials: axial heating with a low conductivity material (Fig. 5a), and radial conduction with a higher
conductivity material (Fig. 5b). It is worth highlighting that both of these cases have the same bulk

description in terms of Re,, Rey, and BAT,ax as the baseline LES case.

(a) Axial heating (b) Radial heating
Adiabatic T'=1 Fluid
Il Solid
Experimental Experimental Adiabatic Adiabatic
upstream downstream
disk g(r) disk g(r)
r
1 ]
¢ Z

Fig. 5. Solid domain external boundary conditions for the axial and radial heating configurations.

Axial heating: For this case, heat fluxes calculated from the experimental Nusselt number and tem-
perature in [16] are applied to the exterior of the solid disks, and an adiabatic boundary condition is
applied to the exterior of the shroud (corresponding to the unheated shroud in [16]) as in Fig. 5a. Our
intention with this case was to replicate the experimental configuration in [16] as best as we were able -
although inevitably some simplifications to the solid domain geometry were made. This configuration is
also similar to other experimental studies on rotating cavities [21,22]. In keeping with the experiment of
Bohn et al., we use epoxy as the material for the solid domain. For the epoxy material properties used,
see Tab. 2. The thermal penetration depth for the frequency of unsteadiness from Fig. 4 in epoxy disks
is 0.8 mm - this is not even two mesh cells wide, so our epoxy solid domain is not able to accurately
resolve this frequency of unsteadiness. We therefore use the 1D semi-infinite wall transfer function to
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calculate the wall temperature fluctuations for this case.

Radial heating: This case is more representative of how a rotating cavity would be heated in an
aero-engine compressor. The exterior of the solid domain at the shroud is set to a temperature of Tipax =
378.15K (i.e. T* = 1), and exterior of the disks have an adiabatic condition s in Fig. 5b. For this case,
the solid domain uses the thermal properties of Titanium (Tab. 2). The thermal penetration depth for the
frequency of unsteadiness from Fig. 4 for titanium disks is 3.4 mm - this a significant proportion of the

disk thickness, so we use the time-spectral solid domain for this case.

4.2 Solution process
All LES-CHT cases proceeded by time-marching both domains in a desynchronised fashion with Az, =
10,000A¢¢ for 30 revolutions to get through the initial transient. Then, 10 revolutions of this desyn-
chronised time-marching were used to calculate a values to initialise the moving average and DFT with.
Data gathered from numerical sensors placed near the disks in this period was used to calculate a value
for wg for the DFT and time-spectral solid domain. Only one Fourier harmonic (at ®g) was used with
the wall transfer function or time-spectral solid domain.

The boundary conditions were then changed to the time-mean and harmonic balance conditions and
the flow was solved for 20 revolutions. A pseudo time-step of 10,000A7; was used for the time-mean
solid domain, and a pseudo time-step of 100Az; was used for the time-spectral domain. Finally flow-

field statistics were collected for a further 30 revolutions.

Table 2. Solid domain thermal properties.

Property p [kg/m®] ¢ [J/kgK] &k [W/mK]

Epoxy 1200 1000 0.2
Titanium 4500 570 7.3

The value for the solid time-step At in the initial steps of the solution process was chosen to approx-
imately equalise the characteristic fluid and solid time-scales as discussed earlier. As we use implicit
time-stepping, there are not any stability considerations for choosing At, if explicit time-stepping was
to be used then Az would be chosen to be as large as possible while preserving stability.
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4.3 LES-CHT Results

The time- and circumferentially-averaged disk temperatures and Nusselt numbers from the CHT simu-

lations are shown in Fig. 6.

The average disk temperature for the axially heated case matches reasonably well with the experi-
mental data considering that we were not able to exactly replicate the experimental solid domain geom-
etry. The agreement between the experimental Nusselt number and the Nusselt number from the axially

heated case is near perfect.

The disk temperatures calculated for the cavity heated by radial conduction are substantially dif-
ferent to the axially heated case - they drop rapidly at high radii and then more shallowly at low radii.
The disk Nusselt numbers for the radially heated case are also consistently lower than the axially heated

case.

On the shroud, Fig 7 shows a substantial difference in the thermal behaviour of the two cases. For
the axially heated case, the shroud temperature is low due to the low thermal conductivity of the solid
domain, and the Nusselt number drops significantly towards the mid-axial location z/s = 0. For the
case heated by radial conduction, the shroud temperature is uniform and close to Tiax, and the Nusselt

number does not have the large variation present in the axially heated case.

Instantaneous temperatures and radial velocities on the axial mid-plane (z/s = 0) from the two cases
are shown in Figs. 8 and 9. Both cavities have the same three circulation pair large-scale flow structure.
The temperature contrast between the radial inflow and outflow is smaller for the axially heated case
(Fig. 8a) than the radially heated case (Fig. 8b), despite the significantly hotter disks in the former.
Comparing Fig. 9a and Fig. 9b, the radial out/inflow in the axially heated case is less intense than in the
radially heated case - this is consistent with the flow being buoyancy driven and the smaller temperature

differential between the cold outflow and warm inflow observed in Fig. 8.

The Fourier harmonics of the wall temperature fluctuation (A,, and B,,) for the axially heated case
are shown in Fig. 10, for the radially heated case in Fig. 11. Note that, due to the difference in the
thermal conductivities of epoxy and titanium, the colour map in Fig. 10 covers a range ten times larger
than the colour map in Fig. 11. Apart from the expected difference in intensities between the two cases,
it is interesting to note the regions of out-of-phase temperature fluctuation near the shroud - these extend
to a lower radii in the axially heated case than they do in the radially heated case.
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Fig. 9. Instantaneous LES-CHT mid-plane radial velocity.

5 Comparison of Axial vs. Radial Heating

The results in the previous section (Figs. 6 and 7) show that the disk and shroud temperatures and
Nusselt numbers are dependent on the cavity heating configuration, and that the large-scale global flow
structure remains qualitatively unchanged for both the axially heated and radially heated case. However,
it is also possible that the local heating has an effect on the cavity aerodynamics and local small-scale
flow structures that are important for predicting heat transfer. To investigate this, we now focus on the
flow in two key areas (near the shroud and near the disk) to see if and how they are impacted by the

different local heating condition.
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Fig. 11. Radially heated downstream disk wall temperature fluctuation harmonic coefficients.

5.1 Effect on Shroud Flow Structure

Figure 12 shows the instantaneous Nusselt numbers on the shroud and the downstream disk. Looking at
the shroud, streaks of enhanced heat transfer are visible in the radially heated case (Fig. 12a), but not in
the axially heated case. Referring back to the average shroud Nusselt numbers in Fig. 7, it can be seen

that the occurrence of these streaks leads to a overall enhanced shroud Nusselt number.

The reason for the formation (or not) of these flow structures can be seen from average temperature
contours in the fluid domain in Fig. 13. Even though both cavities appear to have similar axially averaged
radial temperature distributions, the mixing of hot fluid from near the heated surfaces is quite different

between the two cases.

Taking Fig. 13a together with the shroud temperature distributions in Fig. 7, it can be seen that the
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Fig. 13. Average static temperature in the meridional plane.

near shroud region for the axially heated case has a negligible radial temperature gradient, meaning that
there is no buoyancy force driving the formation of the streaks as was observed in [1,3,4]. The shroud
temperature is so low in this case due to the low thermal conductivity of the solid domain material
- any shroud heat flux has to come via axial conduction from the outer radii of the disks, so even a
small shroud heat flux causes a large temperature drop relative to the temperature at the top of the disks
(Fig. 6).

In contrast, the radially heated disks have an unstable near-shroud radial density gradient that causes
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the formation of the streaks (particularly in the cyclonic circulations) that enhance heat transfer by
mixing the colder fluid in the bulk flow with the hotter fluid near the shroud in a manner consistent with

Rayleigh-Bernard convection, as in Puttock-Brown et al.’s papers [3,4].

The effect of the difference in shroud flow structure is not restricted to the near-shroud region of the
flow. Heat transfer from the disks is much less efficient than heat transfer from the shroud at mixing
fluid from the local heated surface with the bulk flow. This can be observed in Fig. 13a, where the high
temperatures in the axially heated case are very much restricted to the near-disk region, leading to colder
mid-cavity flow. In contrast, the radially heated case in Fig. 8b exhibits a significantly warmer bulk flow
due to the more efficient mixing of the hot fluid from the heated shroud by the streaks. This effect on the
bulk flow can also be observed in the instantaneous temperature contours in Fig. 8, and the less intense
radial arms in the axially heated case (see Fig. 9) can be attributed to the reduced buoyancy force caused

by a smaller temperature differential between the cold axial throughflow and the warmer cavity fluid.

The relevance of these near-shroud flow structures to our research question is that their formation is
dependent on the strength of the local heating at the shroud - a significant heat-flux is needed to create

a sufficient radial density gradient to drive the formation of these streaks.

5.2 Effect on Disk Flow Structure

The difference in the disk Nusselt numbers between the two cases shown in Fig. 6 implies that it is also

worth examining the near-disk flow field for differences in the local flow-structures.

The flow close to the disks is widely accepted as behaving as a laminar Ekman layer; this has been
demonstrated for this cavity at a similar operating condition [1], and at conditions closer to engine
relevance by [2]. However, the near-disk flow that is outside of the Ekman layer (i.e. further than
Opk /s = 0.0176 from the disk) is rarely investigated, even though it is responsible for supplying forcing
to the Ekman layer dynamics and effectively providing the “thermal boundary conditions™ at the outer

edge of the Ekman layer.

Figure 14 shows the axial turbulent heat flux, \71’?’ : this is the effective heat flux caused by the axial
velocity fluctuations when time averaging the flow. Near the upstream disk (z/s = —0.5), a positive value
of ‘727/“’ is caused by axial velocity fluctuations away from the disk being associated with an increase
in temperature and an axial velocity fluctuation towards the disk being associated with a decrease in
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temperature - this is consistent with unsteady flow structures enhancing transport from a hot disk to a
cooler bulk flow. On the downstream disk (z/s = 0.5) negative values of VZ’\Y/" are consistent with this
same unsteady mixing of fluid between the disk and bulk flow. The extreme values in the region above
r/b = 0.95 in Fig. 14 are caused by the interaction of the near-disk flow with the shroud, we restrict our

discussion to the flow that is only affected by the disk and the bulk flow, i.e. /b < 0.95.

(a) Axial heating (b) Radial heating 0.2
1.0 A J '_1 .
- 0.1
0.9 .
w
£
Q B
T 0.8 - 4 0.0 =
-
>
0.7 1 . -0.1
0.6 . T -0.2
-0.5 0 0.5 -0.5 0 0.5
z/s z/s

Fig. 14. Axial turbulent heat flux distribution in the meridional plane.

For the axially heated case (Fig. 14a), we see a turbulent heat flux near both disks that is not present
for the radially heated case (Fig. 14b). Whilst the difference in \72’?’ is likely due to an increase in local
flow structures mixing near-disk and bulk flow, it is possible that it is due to the higher temperature
contrast between the disks and the bulk flow in the axially heated case increasing \72’\7:/ through an
increase in the amplitude of 7’.

To rule this out, the root-mean-square (RMS) velocity fluctuations were compared for the two cases

by calculating a normalised difference as

RMS (V/) A — RMS (V) gu
RMS (VZ’)RH ’

AVZ/, RMS — (25)

where AH and RH stand for the axially and radially heated cases respectively. The result of this compar-
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ison is shown in Fig. 15: the axial velocity fluctuations are significantly larger (~ 25%) near the disks
in the axially heated case, indicating the formation of turbulence or instabilities in this region caused by
the disk heat transfer. Due to asymmetries in the axially averaged flow (see [1] and Fig. 14) this region

is larger in the axially heated case (Fig. 15).

25.0
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rib
rms [%0]

!
z

A

-12.5

—-25.0
-0.5 0 0.5

z/s

Fig. 15. Difference in disk-normal velocity fluctuation levels between the axially heated cavity and the radially heated cavity.

To visualise the flow structures causing the extra disk-normal mass and energy transport, Fig. 16
plots the radial vorticity 20gk from the upstream disk for both cases at the same time instant as Fig. 8a
and Fig. 9a. This axial location is outside of the Ekman layer thickness, but still near-enough the disk

so that flow structures that form here could affect the dynamics of the Ekman layer.

By comparing the values of the radial vorticity in Fig. 16a with those in Fig. 16b, the existence
of radially aligned vortices forming in the anti-cyclonic circulation is clear in former, but not in the
latter. This is indicative of the formation of some local large-scale turbulent or other coherent flow
structures. The enhanced mixing of the near-disk and bulk flow through these flow structures may
contribute to the higher Nusselt number observed in the axially heated case in Fig. 6. The contrast
between Fig. 16a and Fig. 16b is quite start, and to the best of our knowledge this heating induced
destabilisation and formation of vortices in the near-disk flow is not something that has been observed
before. The mechanism for this warrants further investigation and is examined in detail below.
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Fig. 16. Radial vorticity on the plane 28Ek from the upstream disk (Z/S = —0.465). Arrows indicate regions of radial outflow.

6 Heating Induced Near-Disk Instability

6.1 Behaviour of the Near-Disk Vortices

The positive sign of the vorticity in the structures in Fig. 16a is consistent with the vortices rolling up
in the near-disk shear layer caused by the tangential slip of the large-scale flow structure. It makes
sense that these vortices only form in the case with strong disk heating because, in air, the increased
temperature in the near-disk fluid acts to destabilise the near-disk flow through the combined effects of
the temperature dependent density and dynamic viscosity [23,24]. However, this does not explain why
the vortices seem to occur predominately in the cyclonic circulations.

The flow field for one circulation pair is shown on a radial isosurface of r/b = 0.7 in Fig. 17. The
radial location for this plot is shown in Fig. 16a by a black line, with markers at 30° increments. The
tangential coordinate ¢ is set to be zero at top dead-centre, and increases in the anti-clockwise direction.
The distribution of radial vorticity in Fig. 17e shows that the vortical flow structures are confined to the
near-disk region, and appear to form in the region of radial outflow (¢ ~ 145° in Fig. 17b). Near the
upstream disk, the vortices are rotating in the positive sense (consistent with Fig. 16b), and they rotate
in the opposite direction near the downstream disk. Due to the globally negative tangential velocity (i.e.
in the anti-cyclonic direction) visible in Fig. 17c, the vortices are observed to be present throughout
the anti-cyclonic circulation. The vortices are not present in the cyclonic circulation as can be seen for
¢ > 150° in Fig. 17e - this implies that they are destroyed in the radial inflow just as they are generated
in the radial outflow.

Figure 18 shows a zoomed in view of the region indicated with a dotted line in Fig. 17, with the
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Fig. 17. Flow field in the ®Z-plane at 7'/b = (.7 for the axially heated case. Circumferential location indicated in Fig. 16a.

distance from the wall (Az) normalised by the theoretical laminar Ekman layer thickness, Ogx. The
instability that causes these vortices originates at the wall within the Ekman layer. This can be seen in
the circulation visible around ¢ ~ 130° in Fig. 18a, which extends up to about 2 Ekman layer thicknesses
from the wall. From the temperature contours in Fig. 18a it would appear that this flow structure is not
responsible for much wall-normal energy transport, however this is not the case. The flow structure is
better visualised by subtracting the “large-scale” velocity (calculated by circumferentially averaging the
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velocities over the plot area) from local relative velocities to calculate a velocity perturbation as shown
in Fig. 18b. Here, we can clearly see a vortex that extends up to 10 Ekman layer thicknesses from the

disk, ejecting hot fluid in to the bulk flow and injecting cold fluid into the near-disk region.
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Fig. 18. Near disk instantaneous streamtraces and temperature showing a heating induced vortex. The region corresponding to this figure

is outlined with dots in Fig. 17.

6.2 Heating Induced Destabilisation Mechanism

Figure 19a summarises the observations made in Fig. 17 and Fig. 18. Vortices are generated in the
regions of radial outflow, destabilising the near-disk flow downstream in the cyclonic circulation, before
being destroyed in regions of radial inflow.

The mechanism for the generation of vortices in the radial outflow is explained in the diagram of a
single vortex near the upstream disk (Fig. 19b): in the radial arm, there is an adverse pressure gradient
(see Fig. 17a), leading to a pressure force acting in the cyclonic direction on a fluid parcel. In the bulk
flow, this is balanced by the Coriolis force from the radial outflow acting in the anti-cyclonic direction
due to the positive radial velocity. Near the disk, the local heating causes a reduction in density (as seen
in Fig. 17d), and hence a reduction in the local Coriolis force (which is proportional to density). This
means that there is a net force acting in the cyclonic direction on the near-wall fluid, against the direction
of the bulk flow. The net force acting against the direction of bulk flow drives the roll-up of a vortex
with positive vorticity on the upstream disk, and a vortex with negative vorticity on the downstream disk
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- this is consistent with the flow field shown in Fig. 17e.

The same logic can be used to explain the destruction of vortices in the radial inflow. As shown in
Fig. 19c, the pressure force acts in the anti-cyclonic direction, stabilising the flow, and the Coriolis force
acts in the cyclonic direction. Again, in the bulk flow, these forces are balanced, but in the near-disk
region the Coriolis force is reduced due to the lower density; this gives a net force in the anti-cyclonic
direction - this is in the same direction as the bulk flow, and opposes the sense of rotation of the vortices

that are entering the region of radial inflow from the anti-cyclonic circulation.

6.3 Implications for Rotating Cavity Investigations

The heating induced destabilisation of the near-disk flow also has implications for studies that consider
the bulk conditions where an Ekman layer may transition to turbulence, such as [6]. The result suggests
two things: first, that the effect of wall heating may need to be taken in to account for Ekman layer
transition considerations; and second, that these studies may need to be at a finer-grained than just
considering bulk parameters to describe the flow - whether the Ekman layer will transition could be

dependent on the local thermal boundary conditions.

These results also show that there are scenarios where the laminar Ekman layer modelling argument
is an oversimplification when considering rotating cavity flows from a heat transfer perspective. A
laminar Ekman layer would suggest that there are no self-generated flow structures causing wall-normal
transport. Although this may be the case within the Ekman layer thickness, we have observed flow
structures outside of this that footprint on the flow within this region and disrupt its dynamics. Due to
the slow slip of the large-scale flow structure, this means that there is no region of the near-disk flow

that can be considered to persistently behave in a manner consistent with a laminar Ekman layer.

In Fig. 18, the Ekman layer thickness corresponds to a local normalised wall distance of z = 11. In
conventional turbulent boundary layers it is widely accepted that flow structures that significantly affect
heat transfer can occur further out and on larger scales than this. We have shown that this is the case
for rotating cavities too - the heating induced vortical structures extend past z+ = 100 - and that proper
consideration of the near-disk flow that occurs outside of the laminar Ekman layers is important - this is
relevant to wall and SGS modelling strategies that will need to take care not to disrupt the formation of
these instabilities by excessive damping from the eddy/SGS viscosity.
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7 Conclusion

There is a strong incentive to consider CHT computations of rotating cavities due to the inherently
conjugate nature of these flows. However, the application of CHT is challenging due to the need to use
LES to capture the cavity aerodynamics - the characteristic time-scale of the solid-domain is greater
than the small time-scales relevant in the fluid domain by a factor of 10,000, and simulating unsteady

conduction introduces stringent mesh resolution requirements in the solid domain.

In this paper, we enable turbulence resolving CHT computations of rotating cavities by introducing
a new multi-scale method for LES-CHT that extends previous work based on a local transfer function
approach by He [11] to be able to capture low frequency unsteadiness directly in the solid domain
through a time-spectral solution method. To illustrate ease of adoption in industrially relevant tooling,

the new method is implemented, verified, and demonstrated in a commercial CFD solver.

The new methodology is applied to two different heating configurations of a cavity operating at the
same bulk flow conditions as an experimental cavity studied by Bohn et al. [16]: a case heated axially
via the disks (in a similar manner to the experimental cavity), and a cavity heated radially by conduction

from the shroud (as would be the case in a gas turbine).

The formation of small-scale flow structures in key regions within the cavity is found to be strongly
dependent on exactly how the cavity is heated, even for the same bulk flow description. The stronger
shroud heating in the radially heated case causes buoyancy driven streaks to form, while in the axially
heated case, vortical structures responsible for mixing hot near-disk and cold bulk flow were observed
to form in radial outflow. To the authors’ knowledge, this is the first time that the latter flow structure

has been observed.

The heating induced flow structures in the near-disk flow are caused by the local reduction in density
leading to a smaller stabilising local Coriolis in regions of radial outflow. It is notable that the effects
of the vortical flow structures extend down to the disk, well below the laminar Ekman layer thickness.
Their presence has implications for wider studies of rotating cavities: its effects are inconsistent with
the laminar Ekman layer modelling argument commonly used when investigating rotating cavities, and
it shows that disk heating may need to be taken into account when examining Ekman layer transition.

The fact that the same bulk description of the flow can have significantly different flow structures

highlights the need to use high-fidelity thermal boundary conditions calculated from CHT when simu-
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lating rotating cavities. This is necessary in order to properly capture the interplay of heating-dependent

flow structures on the shroud and disk, and the solid domain conduction.
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Nomenclature

a
AWvBW
b

c

no,z
Iy

RMS

Ok

Hickling

Cavity inner radius (m)

Wall temperature harmonics (K)
Cavity outer radius (m)

Specific heat capacity (J/kgK)
Frequency (Hz)

Thermal conductivity (W /mK)
Nusselt number

Cylindrical coordinates (m, rad, m)
Shaft radius (m)
Root-mean-square

Shroud width (m)

Static temperature (K)

Heat flux (W/m?)

Radial and axial velocities (m/s)
As a subscript - on the wall
Relative tangential velocity (m/s)
Thermal penetration depth (m)
Laminar Ekman layer thickness (m)
Density (kg/m?)

Rotational speed (rad/s)
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